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Viral triggering of the innate immune response in infected cells aims at delaying viral replication
and prevents tissue spreading. Viral replication is delayed by host protein synthesis inhibition
and infected cell apoptosis on one hand, while infection spreading is controlled by the synthesis
of speciﬁc proteins like type-I interferons (IFNs) and pro-inﬂammatory cytokines on the other hand.
How do these two apparent conﬂicting responses cooperate within the same infected cells to mount
effective defenses against pathogens? What are the molecules or the complexes resolving this con-
tradiction over time? Some recent studies reveal unanticipated connections between innate immu-
nity and stress pathways, giving important clues on how the cellular responses are orchestrated to
limit infection efﬁciently.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Cellular detection of pathogens and associated cellular
signaling pathways
Cells possess several sensors to detect pathogen-associated
molecular patterns (PAMPs), which in turn activate different sig-
naling pathways resulting in the activation of the innate immune
system. Nucleic acids (RNA or DNA), principally derived from
viruses, can be detected in endosomes by Toll-like receptors
(TLR), such as TLR3, TLR7 and TLR9, or in the cytoplasm by many
various sensors. Foreign RNA can be detected in the cytoplasm
by retinoic acid inducible gene I (RIG-I)-like receptors (RLRs)
including RIG-I and MDA5 of the DExD/H-box RNA helicases fam-
ily, whereas DNA is sensed by other molecules, such as DAI or
cGAS [1–4]. RLRs initiate signaling through IFNb-promoter
stimulator-1 (IPS-1, also named Cardif, MAVS or VISA), leading to
the activation of IFN regulatory factor (IRF) and nuclear factor-jB
(NF-jB) pathways. Activation of the transcription factors IRF3,
IRF7 and NF-jB is responsible for the transcription of genes coding
for type I IFNs (IFNa and IFNb) and pro-inﬂammatory cytokines
like IL-6 or TNFa, respectively [5]. These processes constitute the
ﬁrst steps of the innate response giving rise to an anti-viral defensewithin infected tissues, prior the intervention of the adaptive
immune system.
RLRs are not the only molecular sensors able to detect viral RNA
within infected cells. Indeed, double-stranded (ds) RNA, which is a
hallmark of viral replication, can also be sensed in the cytoplasm
by double-stranded RNA dependent protein kinase PKR [6]. PKR
is one of the four known mammalian kinases responsible for the
phosphorylation of translation initiation factor eIF2a in response
to stress signals. eIF2a phosphorylation results in translational
arrest of viral but also cellular mRNAs, and can lead to apoptosis
[7]. By blocking protein translation in infected cells, PKR exerts
therefore an anti-viral activity that shares common features with
other cellular stress responses, like the unfolded protein response,
and has been named accordingly, the microbial stress response [8].
Thus upon dsRNA detection, two apparently antagonist pro-
grams are initiated in the infected cell. One is triggered by RLRs
and is dedicated to cytokine production in order to promote a sys-
temic immune response and prevent viral spreading in tissues.
Whereas the second program is dependent on PKR activation and
is aimed at blocking protein mRNA translation in individual virally
infected cells, that form stress granules (SGs) and initiate apopto-
sis. The PKR-dependent program is likely inhibitory for the ﬁrst
one, suggesting that a complex integration process of protein syn-
thesis inhibition with innate sensing is necessary for cells to
respond efﬁciently to viral infection [8]. The importance of PKR
and SGs formation in restricting virus replication is such, that
many viruses have evolved mechanisms to prevent PKR activation
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[9,10]. In the recent years, molecular links and a functional inter-
play between the two programs have been documented. We will
describe ﬁrst the speciﬁcities of these two apparently opposite
responses induced by dsRNA, prior reporting on how infected cells
seem to resolve this conﬂictual biochemical situation.
2. Innate immune response to viral dsRNA
During infection, many viruses generate RNA replication inter-
mediates within the host cells. These viral determinants elicit
anti-viral innate immune responses mostly through the triggering
of several nucleic acid sensing pathways and subsequent type-I IFN
and pro-inﬂammatory cytokines production [11]. Several families
of molecules are known to sense dsRNA and its synthetic mimic
polyriboinosinic:polyribocytidylic (poly I:C), including endosomal
TLR3 and cytosolic RIG-I and MDA5 [1,3]. Signaling through TLR3
occurs via the TIR domain-containing adaptor protein inducing
IFNb (TRIF) whereas signaling coming from RIG-I or MDA5 activa-
tion requires the adaptor protein IPS-1, which predominantly
localizes to the mitochondrial outer membrane or on peroxisomes
[12–14]. These two distinct signaling pathways lead to the activa-
tion of the transcription factors IRF3, IRF7 and NF-jB. IRFs are acti-
vated by TANK-binding kinase 1 (TBK-1) and by IKKb, whereas
NF-jB is activated by IKKa and IKKe. High levels of
pro-inﬂammatory cytokines and type-I IFNs are produced by
infected cells, and these cytokines orchestrate anti-viral protection
in the tissues and initiate innate and adaptive immunity.
Surprisingly type-I IFN production is achieved in only a minority
of infected cells (15–40%) [15]. This relatively small proportion of
responding cells is not only due to the various escape mechanisms
elaborated by viruses [16], but seems to be an intrinsic feature of
cells that lead to a stochastic expression of the IFNb gene [17].
Cell-to-cell variability in the levels of some limiting factors of the
RLR signaling pathway, among them MDA5 and IRF7, has been
evoked as the primary reason for stochastic IFN production in
ﬁbroblasts from mouse and human origins. Stochastic production
could reﬂect a strategy to limit type-I IFN secretion levels to pro-
tect the host organism from its inherent toxicity, while maintain-
ing its local anti-viral protective effect [17]. MDA5 levels, and the
intensity of the feedback loop sensing IFNb via IFNa/b-receptor
(IFNAR), have been demonstrated to be key for the IFNb response
consecutive to poly I:C stimulation [18]. In this case, a biphasic
response model based on cell survival capacity has been proposed
to explain IFNb production stochasticity. High IFNb-producing
cells, which are also enriched in MDA5, are more prone to apopto-
sis than the IFNblow population. Thereby, dsRNA activation propor-
tionally decreases the number of active IFNb-producing cells
within the total dsRNA-stimulated population after a given time.
This model also suggests that this biphasic response acts to restrict
the number of cells expressing IFNb and undergoing apoptosis at
the same time in the infected tissue. However, these models are
exclusively based on gene transcription regulation data, and do
not take in account the associated translation regulation linked
to PKR activation and associated eIF2a phosphorylation.3. Cellular stress responses induced by dsRNA detection
Concomitantly to the IFNb response, a stress response is trig-
gered in cells recognizing dsRNA [19,20]. Phosphorylation on ser-
ine 51 of the translation initiation factor eIF2a is a classical
response of cells exposed to environmental stress. Accumulation
of P-eIF2a has for direct consequences the inhibition of general
protein synthesis, activation of a speciﬁc gene transcription and
translational program and the formation of stress granules.Mammalian cells possess, in addition of the dsRNA sensing kinase
PKR, three other known eIF2a kinases that are activated by speciﬁc
stresses. Heme-regulated eIF2a kinase (HRI) attenuates protein
synthesis in heme-deﬁcient erythroid precursors, matching hemo-
globin synthesis to iron availability [21]. Amino-acid deprivation
activates GCN2 (General control non-derepressible 2) via the
detection of deacetylated tRNAs, limiting protein synthesis in cells
growing in a nutrient deﬁcient environment. Interestingly, like
PKR, GCN2 has also been shown to be activated by viral RNA and
to participate to the response against Sindbis virus [22]. Finally,
PERK (PKR-like ER kinase) is primarily activated by the accumula-
tion of misfolded proteins in the endoplasmic reticulum (ER) [23].
PERK is therefore the main molecular actor of one of the three
branches, which with IRE1a and ATF6, aims after stress at restoring
ER homeostasis in a coordinated response termed the unfolded
protein response (UPR) [24]. The capacity of PERK to be activated
by the accumulation of misfolded proteins, implies that many sit-
uations affecting protein homeostasis, such as hypoxia or heat
shock, drive PERK activation, which has also been shown to play
an important role in limiting the consequences of oxydative stress
[25].
The capacity of PKR to sense dsRNA in virus-infected cells has
attracted attention on its critical role for anti-viral defense [6].
PKR is a serine–threonine kinase, composed by a kinase domain
and two dsRNA binding domains (dsRBD) that regulate its activity.
In the cytoplasm, PKR binds dsRNA with a size greater than thirty
nucleotides, which leads to its homodimerization and rapid
autophosphorylation at residues Thr446 and Thr451, thereby
increasing its catalytic activity [26,27]. Like other eIF2a kinases,
PKR phosphorylates eIF2a at residue Ser51 and turns this transla-
tion initiation factor into a dominant negative inhibitor of the gua-
nine nucleotide exchange factor eIF2B. This prevents the formation
of the translation initiation complex eIF2-GTP-Met-tRNAi that is
required for the initiation of protein synthesis. PKR-dependent
inhibition of protein synthesis limits infection by preventing viral
replication and by inducing apoptosis in the host cells [28,29].
Unsurprisingly, to neutralize the deleterious effects that PKR acti-
vation has on viral replication, numerous viruses have developed
strategies to suppress or bypass this kinase [9,30]. Although
eIF2a phosphorylation inhibits general (Cap-dependent) transla-
tion initiation, it is required for the selective (Cap-independent)
translation of several stress-dependent mRNAs [31,32]. The trans-
lation of the mRNAs coding for active transcription factor 4 (ATF4)
and its downstream targets, C/EBP homologous protein (CHOP) and
growth arrest and DNA-damage-inducible protein 34 (GADD34)
[24] is thus increased upon eIF2a phosphorylation. GADD34 is a
stress-inducible co-factor of phosphatase-1 (PP1) that counteracts
eIF2a kinases and contributes to the negative feedback loop that
restores translation by dephosphorylating P-eIF2a during stress
responses [33]. GADD34 mRNA expression, translation and eIF2a
phosphatase activity are therefore critical to determine cellular
fate following the intensity and longevity of stress exposure.
Interestingly, induction of ATF4 and GADD34 consecutive to PKR
activation and eIF2a phosphorylation is key to mount the
anti-viral response induced by chikungunya virus infection or upon
poly I:C stimulation in mouse both in vitro and in vivo [19,20]. In
particular, GADD34 is absolutely necessary for type-I IFN protein
production by infected ﬁbroblasts, while transcriptional induction
of corresponding mRNAs remains intact in GADD34-deﬁcient cells
[19]. This observation is surprising, since GADD34 induction in
infected cells should efﬁciently re-establish host translation and
promote viral replication. In fact, several Herpes viruses have
acquired factors homologous to GADD34 (e.g. ICP34.5), that are
able to interact with PP1 and promote eIF2a dephosphorylation
[34–36], suggesting that in some occasion GADD34 expression
during viral infection could be counterproductive for the host,
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Fig. 1. Coordinated integration of the microbial stress response and RLR signaling cascade to efﬁciently produce cytokines in response to dsRNA. Two conﬂicting intracellular
programs triggered by viral dsRNA have to cooperate in virally infected cells: (i) The microbial stress response dependent on PKR and dedicated to reduce viral replication and
(ii) An innate defense program, triggered by RLRs, and dedicated to type-I IFN and cytokine production. We propose that these two apparently opposite cellular responses are
coordinated over time. Upon dsRNA detection, infected cells would alternate between periods of translation inhibition (OFF) and periods of active protein synthesis (ON). Viral
dsRNA is sensed by RLRs (including RIG-I and MDA5) that activate signaling pathways through mitochondria-bound IPS-1, leading to IRFs translocation and transcription of
type-I IFN and pro-inﬂammatory cytokines. However, cytokines mRNA translation is obliterated by the translation inhibition mediated by dsRNA-induced PKR activation and
consecutive translation initiation factor eIF2a phosphorylation (OFF). PKR-dependent eIF2a phosphorylation is key for translation shut-off and stress granules (SGs)
formation (OFF). High levels of P-eIF2a trigger the induction of GADD34/PPP1R15a, which is speciﬁcally translated in this context of global protein synthesis repression (OFF).
GADD34 together with phosphatase PP1, dephosphorylates eIF2a promoting a progressive protein synthesis recovery and SG disassembly (ON). Antiviral cytokines can then
be produced during this period, until translation shuts-down again due to the loss of GADD34 synthesis and its rapid degradation, driven by eIF2a dephosphorylation.
Infected cells may oscillate one or several times before dying by apoptosis due to a prolonged translation arrest or due to massive IFN release.
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and producing type-I IFN has to be found by the infected cells and
tissues.
Viral infection also induces the formation of cytoplasmic gran-
ules similar to stress granules (SGs) formed in response to eIF2a
phosphorylation. SGs are deﬁned as macromolecular nucleoprotein
aggregates of stalled 43S and 48S ribosomal pre-initiation com-
plexes [37]. They serve as storage platforms for transiently
repressed mRNAs and contain many translation initiation factors,
such as eIF4E, eIF4G, eIF4A, eIF4B, eIF3, eIF2 and PABP, mRNAs
and the 40S small ribosomal subunit [10]. SGs also contain keymar-
ker proteins that are required for their formation, most notably
G3BP1, TIA1, TIAR, HDAC6, and Caprin1. SGs are dynamic structures
that quickly form when external stresses are applied to cells and
global translation rates decline, and disperse when translation con-
ditions are restored [38,39]. The scenario most often described for
SG formation occurs when oxidative, nutrient or heat stress acti-
vates one of the four eIF2a kinases, which phosphorylates eIF2a
and block translation initiation, leading to an accumulation of
stalled ribosomal pre-initiation complexes, However SG formation
can also proceed in the absence of eIF2a phosphorylation [40,41].
The molecular mechanisms by which SG assemble are not well
deﬁned, but appear to involve several steps including the
self-oligomerization of RNA-binding proteins, post-translational
modiﬁcations and active microtubule-dependent transport
[42,43]. Live cell imaging shows that SGs frequently interact with
other mRNA-containing structures named processing bodies (PB)
that are dedicated to mRNA decay [39,44]. SGs represent therefore
an intermediate structure serving as a sorting hub for mRNAs that
shuttle between active translation occurring on polysomes and
decay taking place in PBs. Their formation is interpreted as a tran-
sient and reversible cell response preventing the generation of
abnormal proteins by stalling translation during stress, while pre-
serving mRNA integrity by delaying degradation in PBs [45].
General SG composition has been found to vary according to the
inducing stress, but the majority of markers that deﬁne SG function
as storage areas for stalled translation complexes are consistent
among all types of SGs [10]. Many viruses induce SGs through
eIF2a phosphorylation and depending on both the virus and the
host cell, different patterns of SG induction are observed upon
infection: (i) No SG formation, (ii) Stable SG formation, (iii)
Transient or oscillating SG formation during which SGs assemble,
disperse and can reassemble during infection [45,46]. SGs correla-
tion with translation suppression suggests that SGs can impact
virus replication and could have forced adaptation and selection
of viral effectors capable to subvert SG function and maximize
replication efﬁciency [47]. This hypothesis was conﬁrmed by the
observation that during picornavirus infection, SG formation is
rapidly abrogated by the expression of a viral protease promoting
the G3BP1 cleavage and SG fragmentation [48]. The impact of
SGs on viral replication was further studied in human liver cells
infected by hepatitis C virus (HCV) [46]. Time-lapse imaging of
infected cells showed that a dynamic oscillation of SGs occurs dur-
ing HCV infection and is important to control viral replication. SG
oscillation was linked to a strong PKR activation that induces SGs
[46] and the consecutive microbial stress response that drives
GADD34 expression resulting in eIF2a dephosphorylation and SG
termination. Upon eIF2a dephosphorylation, GADD34 synthesis is
immediately reduced and the PP1 co-factor is rapidly degraded
[49], resulting into a time-dependent re-phosphorylation of
eIF2a upon constant viral triggering of PKR. This particular regula-
tion of GADD34 synthesis linked to its own activity translates into
an oscillation of eIF2a phosphorylation and SGs formation. This
oscillation was shown to be dependent on the presence of IFNa,
which was probably required to induce high levels of PKR neces-
sary to trigger SGs formation. Composition of virus-induced SGscan be different from ‘‘classical’’ SGs. Vaccinia virus-induced SGs
do not contain the 40S ribosomal subunit [50] and are localized
in vicinity of viral factories, where they suppress virus mRNAs
translation, while preserving stress-induced host mRNAs transla-
tion in the infected cells. Exclusion of certain mRNAs from SGs
has been already reported for ER-associated transcripts after cellu-
lar stress [51], but further studies are required to conﬁrm this
observation and determine the mechanisms leading to this ‘‘selec-
tive’’ translation of a subset of mRNAs.4. Interplays between innate sensing pathways and cellular
stress response during anti-viral response
During viral detection, production of cytokines by innate sens-
ing and the stress response induced by PKR are both required to
mount a ﬁnely tuned immune response. Until recently, the activa-
tion of molecules linked to the stress response pathway during
microbial infection suggested that innate sensing was always asso-
ciated with a non-speciﬁc UPR. However, recent ﬁndings suggest
the existence of a speciﬁc microbial stress response (MSR) distinct
from the ‘‘classical’’ UPR [8], in which stress-related molecules are
induced during microbial sensing with different modalities of reg-
ulation and different outcomes than during the UPR. Accumulating
evidences suggest that innate sensing pathways and MSR intersect
together at several signaling hubs. This interplay is exempliﬁed by
the importance of stress-inducible GADD34 in regulating cytokine
production [19,20], whereas the signaling adaptor protein IPS-1
immediately down-stream of these activated RLRs was shown to
activate PKR and be required to form SGs [52].
PKR has been shown to enhance IFN production and apoptosis
mediated by cytoplasmic RLR sensors through IPS-1 and IRF3 after
viral infection of human cells [53,54]. Using a different virus model,
it was shown that PKR effect on the potentiation of IFNb produc-
tion was mediated by activating transcription factor-2 (ATF2) and
NF-jB activation, whereas the activation of IRF3 was dependent
on MDA5 via IPS-1 [55]. A role for PKR in NF-jB activation has also
been reported in different cell lines from mouse or human origins
using different approaches. PKR-deﬁcient mouse embryonic
ﬁbroblasts (MEFs) display an IFNb production defect due to
NF-jB activation impairment [56]. Similar results were observed
in human cells using vaccinia virus infection and poly I:C stimula-
tion [57]. However, the molecular mechanism by which PKR acts
on NF-jB activation has remained controversial. Studies mostly
focused on the fact that NF-jB is maintained inactive in the cyto-
plasm by the inhibitory molecule IjBa, which when phosphory-
lated is rapidly degraded by the proteasome, allowing efﬁcient
nuclear translocation of NF-jB. Initially, PKR was shown to directly
phosphorylate IjBa in response to dsRNA [58], but further studies
demonstrated the role of the IKK complex in the phosphorylation
of IjBa after viral infection and pointed therefore to an indirect
role of PKR in IjBa phosphorylation via IKK activation [57]. New
insights concerning the molecular mechanism of the ampliﬁcation
of IFNb induction by PKR came from the use of translation inhibitor
cycloheximide (CHX) in PKR-deﬁcient human cells [59]. A low dose
of CHX would mimic the effect of PKR activation by decreasing pro-
tein translation. Upon viral infection, IFNb mRNA induction was
rescued by CHX treatment in PKRkd cells, but not in IPS-1kd cells.
This effect was immediately linked to IjBa levels that were
decreased upon translation impairment, allowing for a more robust
NF-jB signaling. The P-eIF2a-dependent inhibition of translation
may therefore explain PKR-mediated ampliﬁcation of
IPS-1-dependent IFNb induction by dsRNA, linking again innate
sensing and the MSR together via eIF2a phosphorylation.
Initially, it was proposed that SGs assembled in response to the
phosphorylation of eIF2a [60]. Formation of SGs after viral infection
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PKR activation. However, SGs are also formed as a consequence of
variations in the expression levels or activity of other translational
initiation factors [40,41,61]. Furthermore, SGs are induced by
G3BP1 overexpression in absence of any stress or infection, and in
PKR-deﬁcient or eIF2a phosphorylation-deﬁcient cells [62].
Interestingly, the assembly of these G3BP1-induced SGs preceded
and even stimulated eIF2a phosphorylation by PKR, leading to
translation repression. SGs can therefore be induced before PKR
activation and eIF2a phosphorylation, however, how PKR could
be activated by SGs formation remained unexplained. In two recent
studies, G3BP1 was demonstrated to exhibit anti-viral activity
against several enteroviruses and to recruit PKR directly to SGs in
order to promote innate immune anti-viral responses, PKR activa-
tion being regulated in SGs by a complex containing G3BP1 and
Caprin1 [63,64]. PKR co-localizes with SGs before activation but is
excluded from the granules upon a conformational change induced
by dsRNA-dependent activation that reduces PKR capacity to inter-
act with G3BP1. RLR sensors RIG-I andMDA5were also shown to be
present in some virus-induced SGs [65,66]. Even though MDA5
appeared to be recruited to SGs after picornavirus infection of
mouse and human cells, activation of the MDA5 signaling pathway
was not required for SG formation [65]. In this model, the absence
of SGs due to PKR depletion did not prevent IFNb induction after
viral infection, suggesting that MDA5 signaling is not dependent
on its SG localization. In fact, MDA5 is also detected in SGs induced
by other stresses, suggesting that MDA5 could be also a structural
component of the granules. The presence of RIG-I in Inﬂuenza A
virus (IAV)-induced SGs was also observed together with SG mark-
ers TIAR or G3BP1, viral RNAs and PKR [66]. Conversely to picor-
navirus infection, the presence of SGs was required to prevent IAV
replication and to trigger an efﬁcient IFNb response. DHX36,
another cytoplasmic viral RNA sensor, was shown to co-localize
with RIG-I and PKR in anti-viral SGs [67] and to enhance dsRNA
binding to PKR, thus facilitating SG formation. Finally, RNA silenc-
ing of the RIG-I andMDA5 adaptor IPS-1 has been shown to prevent
SGs appearance in poly I:C-treated cells and inhibited PKR
autophosphorylation and dimerization [52]. IPS-1, which has a piv-
otal role in the innate immune response through the RLR signaling
pathway, appears therefore to play an essential role in SG formation
after dsRNA detection. Thus SGs, PKR activation and RLR signaling
are all apparently distinct functions that engage in a complex and
dynamic interplay to prevent viral replication while allowing efﬁ-
cient production of type-I IFN and pro-inﬂammatory cytokines by
infected cells.
P-eIF2a-dependent molecules ATF4 and GADD34 were shown
to be translated in MEFs and dendritic cells (DCs) after viral infec-
tion or upon poly I:C stimulation [19,20]. The induction of these
stress-associated molecules after dsRNA detection is
PKR-dependent in MEFs, but relied on the TLR3/TRIF signaling
pathway in DCs. Importantly, the production of cytokines IFNb
and IL-6 was abolished in GADD34-deﬁcient MEFs in response to
poly I:C and chikungunya virus infection, despite a normal induc-
tion of their mRNAs [19]. This suggests that GADD34 is an essential
molecule that interfaces innate sensing with stress induction.
Cytosolic delivery of polyI:C in MEFs lead to a near complete pro-
tein synthesis extinction within eight hours of treatment, despite
the induction of GADD34 and efﬁcient eIF2a dephosphorylation
[19]. GADD34 activity was expected to be required for global pro-
tein translation recovery after PKR activation and eIF2a phospho-
rylation, as it was clearly observed in MEFs treated with the ER
stress-inducing drug thapsigargin and PERK activation.
Surprisingly, GADD34 inactivation in MEFs had no effect on the
intensity nor the kinetics of translation arrest. The mechanism by
which GADD34 controls cytokine synthesis after viral infectionremains therefore unclear. GADD34 could control translation of
speciﬁc mRNAs after PKR activation, such as mRNAs engaged with
ER-associated polysomes and coding for secreted and
membrane-associated proteins. This hypothesis is in accordance
with the proposed compartmentalization of protein synthesis inhi-
bition that occurs during the UPR and which protects
ER-associated translation from complete extinction [68].
Alternatively, individual cells could respond differently to poly
I:C and translation could vary from one cell to the other at a given
moment, with an hypothetic bimodal distribution of the cells, as
observed for the IFNb response consecutive to viral infection
[18]. In this model, translation would be active in some cells while
blocked in others and this situation would be dynamic over time,
based on GADD34 expression and the intensity of PKR signaling
(Fig. 1). This situation is in accordance with the model of dynamic
oscillation of SGs regulated by PKR and GADD34 after viral infec-
tion [46]. GADD34 induction would trigger the disassembly of
SGs in some cells to transiently recover protein synthesis and even-
tually produce anti-viral cytokines during a period of time that
would depend on GADD34 half-life, before reforming SGs.
5. Conclusion & perspective
Stress response and microbial defense programs cooperate
together during the innate immune response. The stress-related
program induced during microbial defense possesses common
molecular determinants with the UPR but with different levels of
regulation and different functional outcomes that we termed the
microbial stress response (MSR) [8]. One of the central molecules
of this coordinated response is the eIF2a kinase PKR, which is at
the crossroads of several pathways. PKR is directly implicated in
pathogen detection, regulation of translation, GADD34 expression
and NF-jB activation, even though the mechanism involved in this
latter process remains controversial. Virus-induced SGs are linked
to PKR-dependent translation arrest but play a much more com-
plex role in innate immunity that the one anticipated from the for-
mation of SGs during the UPR or after heat shock. In this context,
PKR and IPS-1 were shown to be required for the formation of
SGs and the subsequent induction of an efﬁcient IFNb response
[52]. Moreover, SGs contain the RLR sensors RIG-I and MDA5 and
could be the site of PKR activation, which was shown to require
some SG proteins [64–66]. Another important breakthrough to
understand the interaction of viral detection and translation inhi-
bition is the demonstration by live cellular imaging of the dynamic
oscillation of SGs formation and protein translation in several mod-
els of virus infection [46]. This oscillation of translation during the
MSR is dependent on the expression of GADD34 and eIF2a dephos-
phorylation, which in turn antagonizes the stress response and
causes SG loss. This oscillation of SGs in alternance with translation
may give important clues to solve the apparent conﬂict resulting
from concomitant translation inhibition and IFNb secretion in the
same virus infected cell. Detection of dsRNA in infected cells would
trigger SG formation, PKR activation and translation shut-down. At
the same time, activation of RLRs sensors would trigger signaling
through adaptor protein IPS-1, leading to the activation of IRF3,
IRF7 and NF-jB transcription factors. This in turn would promote
the transcription of type I IFNs and inﬂammatory cytokines genes,
whose mRNAs could be stored within SGs and be protected from
degradation. In some of cells, GADD34 expression would become
sufﬁciently high to trigger SGs disassembly and protein synthesis
recovery for a period of time during which anti-viral cytokines
could be produced, until inhibiting translation and reforming SGs
again. Infected cells might oscillate one or several times before
dying by apoptosis triggered by a prolonged translation arrest or
by IFN release. With this model, only a minority of cells could
1544 A. Dalet et al. / FEBS Letters 589 (2015) 1539–1545produce cytokines at a given time, explaining the low percentage
of type-I-IFN-producing cells observed during viral infection [17]
and accounting for the proposed bimodal production of IFNb
[18]. Further research is now required to precise the signaling
chronology and necessary biochemical links that orchestrate the
host response to viral infection and will validate this novel model.Acknowledgements
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